Two important contributions by Lindauer et al. and
Jones et al. on pages 988 -1001 and 1002-1015, respectively, in this issue of NeuroImage describe cortical hemodynamics in the rat as derived from imaging spectroscopy and an advanced theoretical model calculating photon pathlength in brain tissue. Surprisingly, the Sheffield group has found evidence for an early deoxygenation phase ("the initial dip") but the Berlin group did not. Here we try to explain the above puzzle. This question is of primary interest because numerous events at the molecular level are involved in neurovascular, neurometabolic, and glial-metabolic coupling to changing electrical activity in neurons, in intracellular as well as and extracellular compartments. Understanding the mechanistic role of the various participants in hemodynamic coupling to electrical activity at the level of their intricate spatiotemporal interactions depends on the availability of a detailed experimental description of what really happens during the first second following the onset of electrical activity. Evaluation of proposed models likewise requires such an experimental description. We shall focus on the small initial dip observed (or not) in the rat and on the implications of these findings derived from optical imaging and imaging spectroscopy to future improvements of the spatial resolution of human f-MRI.
BACKGROUND
A number of imaging techniques have enabled scientists to visualize the functional activation of the living brain. These include positron-emission tomography (PET), optical imaging based on intrinsic signals, and, most recently, functional magnetic resonance imaging (f-MRI). All of these technologies are suitable for "imaging the human brain in action," thus potentially linking neurophysiology and psychology, and have therefore triggered a wide-range interest. These three techniques are based on the pioneering findings of Roy and Sherrington [1] regarding the coupling between changes in electrical activity and responses of the microcirculation, regulated by several molecular mechanisms which are still being explored. Neuronal activation causes increased consumption of energy in the form of glucose and oxygen; the brain microcirculation provides the increased metabolic demands by increasing blood volume and its flow rate.
One hundred and ten years after Roy and Sherrington's pioneering work, the question of how tight this coupling is between electrical activity and various components of the microcirculation response is still highly controversial. It is also still disputed whether the coupling parameters are universal in all mammalian species and all cortical areas. In the context of excitement regarding the new human neuroimaging approaches, an editorial in Nature Neuroscience noted that "We do not fully understand the biological basis of functional imaging signals. Responses vary with blood flow and oxygenation, and although such changes presumably relate to local energy use, and thus to electrical signals in neurons, the precise relationships among these parameters remain unclear" [2] . Therefore, ways to distinguish between "brain and vein" [3] origins of recorded signals are of primary importance and under continuous development. Answers to these questions would hopefully assist in further developing f-MRI, pushing its resolution to the fundamentally important columnar lever, as well as in the interpretation of the functional images derived from PET and f-MRI and development of noninvasive optical imaging for the human brain [4 -6] .
Because optical imaging explorations have achieved a spatial resolution of 20 -100 m (verified by extensive single-unit and histological mapping) and a temporal resolution of milliseconds, we hoped that research based on optical imaging would be able to address the above questions. Using optical imaging of intrinsic signals [7] , imaging spectroscopy [8, 9] , phos-phorescence quenching, tracer injections into the microcirculation, and laser Doppler flow measurements, we have previously investigated the activity-dependent spatiotemporal characteristics of the related hemodynamic events. These include changes in oxygen delivery, blood flow, and blood volume in response to the onset of cortical electrical activity triggered by sensory stimulation [7, 9 -14] . These experiments were carried out in the anesthetized cat and the awake monkey and our interpretation of the data is as follows.
The first event is early and prolonged: there is an increase in oxygen consumption, caused by an increase in oxidative metabolism of activated neurons which leads to an increase in the deoxyhemoglobin (Hbr) concentration, starting less than 100 ms after the onset of electrical activity [9, 11, 12] . This early event causes a darkening of the cortical parenchyma (illuminated at 605 nm) which was shown to be colocalized with electrical activity at the columnar level. Evidence for a concomitant decrease in oxyhemoglobin (HbO 2 ) has not been found. Therefore, redistribution between compartments has been proposed [11] . The second event originates from a delayed increase in blood volume, starting about 300 ms later [11] [12] [13] . This event also causes darkening of the cortex, which is particularly apparent in larger blood vessels. Changes in blood volume occur almost simultaneously in the three vascular compartments and are not well regulated at the level of individual cortical columns [7, 9, 10, [13] [14] [15] . The third event is closely associated with the preceding one: there is an activity-related increase in blood flow, starting about 0.5-1.5 s after the onset of electrical activity and causing a decrease in Hbr concentration and an increase in HbO 2 concentration. Thus, initially the concentration of Hbr increases, but later, because of the delayed increase in blood volume and flow and the large hyperoxygenation phase associated with it, the concentration of Hbr decreases. Therefore, the time course of change in Hbr concentration is biphasic. The early event has been referred to as the initial dip by the f-MRI community since the positive BOLD signal is associated with a decrease in Hbr and vice versa. This initial dip, i.e., the early event of an activity-dependent increase in Hbr, has been confirmed by f-MRI in human [15] [16] [17] [18] [19] and anesthetized monkey [20] and in the rat by previous imaging spectroscopy [21, 22] but not with f-MRI [23] . Therefore, it has remained controversial. At the same time, the relevance of optical imaging and imaging spectroscopy data to various types of f-MRI-related signals, including BOLD, has been contested.
THE CURRENT SEARCH FOR THE INITIAL DIP IN THE RAT BRAIN
The two significant contributions by Lindauer et al. and Jones et al. describe the cortical hemodynamics in the rat as derived from imaging spectroscopy and other biophysical measurements. Both groups use advanced models for curve fitting of imaging spectroscopy data that take into account the dependency of pathlength on wavelength of the light used to illuminate the cortex. The Berlin group observed an initial dip when they used a simplified model, similar to that of Malonek and Grinvald [9] in that it used a constant pathlength approximation (Figs. 4 and 5 of Lindauer et al.), but not identical to it, since it did not contain a light-scattering term. Curve fitting, however, of the same data to their more sophisticated model, accounting for the wavelength dependency of photon pathlength in brain tissue, eliminated the early increase in deoxy-Hb in the large majority of analyzed cases (an initial dip was, however, rarely observed also in the Berlin data: U. Dirnagl, personal communication). Oxygen-dependent phosphorescence quenching did not reproducibly detect early deoxygenation, with the exception of one rat as noted by the authors. Therefore, they concluded that there was no evidence for the initial dip in the rat, and therefore they argue against significant early deoxygenation as a universal phenomenon in the functionally activated mammalian brain. Furthermore, they wonder if previous results obtained in human, cat, and monkey with both f-MRI and optical imaging indeed clearly imply that an early hemoglobin deoxygenation precedes the hyperoxygenation phase or whether alternatively it is a wrong interpretation of the experimental results. Interestingly, the Sheffield group has carried out very similar experiments using the same preparation, and they have also analyzed their data with a pathlength-corrected model. However, they report detection of the initial dip, thus reaching conclusions many of which are in agreement with those previously obtained in anesthetized cats and awake monkeys. The Sheffield group also explored the relationships between CBV and CBF using laser Doppler measurements. This second topic is covered by another commentary by Buxton on pages 953-958 in this issue which also discusses the significant contribution that such studies can make to the understanding of key questions in brain metabolism and its coupling to electrical activity.
The Sheffield and the Berlin models are very similar (J. Mayhew and U. Dirnagl, personal communication) and therefore produce nearly identical results for each given data set, independently of its geographical origin. Strikingly, however, the Sheffield and the Berlin groups reached opposite conclusions with respect to the existence of the initial dip.
WHAT COULD BE THE ORIGIN OF THE DISCREPANCY?
The puzzling contradiction regarding the existence or inexistence of the small initial dip could have re-sulted from differences in the experimental procedures, including one or a combination of the following differences: (1) The surgical procedures: bone removal vs thinning; (2) anesthesia: chloralose/urethane vs urethane alone. It is also well known that the amplitude and rise time of the initial dip detected are highly variable from one animal to the next and depend on the anesthesia depth as well as on the anesthetic. (Similar variability has been observed in cats and monkeys. In our hands there has been a clear correlation between the fast rise time of the intrinsic signal, the size of the initial dip, and the quality of functional maps.) ( The Sheffield group used a time resolution of 66.6 ms, whereas the Berlin group used 500 ms for imaging spectroscopy and 330 ms for the single-fiber measurements. A low time resolution may lead to an artifactual reduction in the amplitude of a fast initial dip. (6) Analysis: The Berlin group analyzed the data in the wavelength range of 490 to 660 nm, whereas the Sheffield group used the narrower range of 505 to 620 nm. (7) Statistics: the two groups may have used different criteria for accepting or rejecting experiments before subjecting the data to extensive statistical analysis. Jones et al. did not present statistical data because of lack of space in modern scientific journals, yet the dip detection was highly significant (Jones et al., personal communication).
Having stated this, one may argue that in fact the relative amplitude of the dip in the two publications is different only by a factor close to 2. Figure 2b Using strict statistics reported in their paper, the Berlin group has concluded that the dip is not statistically significant and the small dip observed in the data pooled over animals occurred very rarely (U. Dirnagl, personal communication). The smaller size of the dip observed in Berlin, or even its absence, may be explained by some of the above experimental procedures used by the two groups, and thus the reader may wonder which set of results is more relevant to normal physiological conditions and natural sensory stimulation. This question can be readily addressed by performing the experiments on awake rats. Recent experiments in Sheffield have detected the dip, exhibiting a ratio of 1:5, in the awake rat, using a natural whisker stimulation (M. Jones, personal communication; NS Abstract 2001).
Taken together, the accumulated results seem to suggest that the initial dip exists also in the rat, yet is smaller than that observed in the anesthetized cat or the awake monkey. Therefore, it appears that at least some of the same universal principles of coupling are maintained across species in spite of the large phylogenetic differences.
IMAGING SPECTROSCOPY MODELS: CURRENT AND FUTURE DEVELOPMENTS
Biophysical models are becoming increasingly important in numerous fields of biology including f-MRI and optical imaging spectroscopy. Particularly important and fruitful is the situation in Sheffield, Berlin, and other sites where groups are not only performing exceedingly demanding in vivo experiments but are also combining them with elaborate modeling in the very same laboratory.
Whereas optical imaging, imaging spectroscopy, and other optical measurements in vivo offer great advantages, such as high spatial and temporal resolution, their interpretation and particularly performing a quantitative analysis have been notoriously difficult since the pioneering work of Chance and Jobsis [25, 26] . The origin of this difficulty is the fact that brain tissue has complicated optical properties, and therefore in vivo studies of intrinsic chromophores are very different from similar studies in a spectrophotometer cuvette. Extensive efforts, pioneered by Delpy and other groups [24, [27] [28] [29] , have been made to model the optical properties of brain tissue. Our present understanding, impressive as it may seem, is still in its infancy, however, and more work is needed before the models will fully meet the multiple challenges of in vivo spectroscopy. For this reason, in our earlier imaging spectroscopy studies [9 -11] we used a simplified model for curve fitting of the experimental results. This simplified model has been subjected to justified criticism, since it neglected the very well-known wavelength dependency of the pathlength the light travels in tissue. We argued [30] that if the simplified model is used in a restricted wavelength range, at which the pathlength dependency is not large, and if the results obtained at different wavelength ranges are consistent, then its use may still be useful for qualitative but not quantitative analysis.
However, there is no doubt whatsoever that a more advanced model for pathlength correction was badly needed to enable precise interpretation and rigorous quantitative analysis. After the pioneering application of the wavelength-dependent model to in vivo imaging spectroscopy by the Sheffield group [21, 31] , this model has continuously evolved. The Jones et al. and Lindauer et al. articles describe results which emerged from the use of state-of-the-art models for optical imaging spectroscopy. The models used by the two groups are very similar. These models have led to improvements in fitting the rat experimental spectra relative to the goodness-of-fit obtained by using models of the simplified type. An example of the residual spectra is depicted in an earlier publication by the Sheffield group [21] , and a direct comparison between residuals obtained with the simplified model and the pathlengthcorrected model is shown in Fig. 3 of Lindauer et al. A significant reduction of the residual was thus accomplished in the rat. Generally speaking, however, one may wonder if the criterion of goodness-of-fit alone can serve as evidence that a given model is correct. Furthermore, the residuals obtained with the differential pathlength-corrected analysis are still relatively large. Of some concern are the large systematic deviations that exist particularly next to the two sharp peaks of the HbO 2 spectra because this wavelength range offers the richest information content for distinguishing between Hbr and HbO 2 .
Modeling how light travels in the brain is not our area of expertise but rather of the experts that contributed to this field. Therefore, this section should not be viewed as a tutorial on modeling the optical properties of the brain. Rather, as potential "model users," we believe that future progress should be made along the following lines: (i) Models should be confirmed in an independent fashion. A convincing confirmation such as the unambiguous recovery of the spectrum or of the concentration of a known chromophore, injected in vivo into the blood circulation, remains to be demonstrated (at the relevant wavelength range, i.e., 530 -610 nm).
(ii) The model should be tuned individually for each species and each cortical area (U. Dirnagl and M. Kohl, personal communication). (iii) Most groups currently agree that a contribution of cytochrome changes to the spectra can be neglected. However, at early times the hemodynamic signal is small and a small contribution of cytochrome may no longer be negligible. Therefore, it appears that in order to properly analyze the very early events, adding the spectrum of cytochromes to more advanced models will be required. Along the same line, the NADH measurements pioneered by Chance and colleagues [25] should be repeated with modern tools in order to independently measure changes in oxidative metabolism. (iv) Light-scattering changes are known to exist in vitro and in vivo [32] [33] [34] at all wavelengths, and our simplified model included a term accounting for stimulus-evoked light-scattering changes [9] . In fact, the residuals using this model for the cat data were smaller than those observed in the rat when the simplified model was used with no light-scattering component (Fig. 3 of Lindauer et al.) . Furthermore, timing differences between the signals recorded (I.V., D. Derdikman, and A.G. unpublished) at the two isosbestic wavelengths of 570 and 815 nm, as well as the difference between the spatial patterns at 600 and 720 nm (Fig. 1) [35] suggest that the contribution of activity-dependent light-scattering changes is indeed relevant, and thus future models should appropriately take them into account. Otherwise, the time course of the hemodynamic component(s) might be distorted in a way that affects data interpretation.
MODEL-INDEPENDENT EVIDENCE: EARLY DEOXYNATION IN CAT AND AWAKE MONKEY
In view of the substantial implications of the dip for mechanisms underlying the neurovascular coupling, cellular metabolism, and high-resolution imaging (see the commentary by Buxton in this issue), together with the problems with all models proposed to date (see below), it would be constructive to address the issue of the existence of the initial dip with raw data that do not require spectroscopic models at all. In this line, the initial raw action spectra obtained from anesthetized cat and awake monkey in our laboratory are displayed in Figs. 1A and 1B: Note in the inset to Fig. 1A that, as opposed to the single-peaked Hbr, HbO 2 has two absorption peaks in the wavelength range between 500 and 580 nm (even in the pathlength-corrected spectra; M. Kohl, personal communication). The late action spectra (Figs. 1A and 1B) clearly display the two HbO 2 peaks, unambiguously showing an increased concentration of HbO 2 . However, the double peak is evident only at late times of about Ͼ1 s after the onset of electrical activity. At earlier times (e.g., ϳ0.6 s), the action spectra exhibit only a rounded shape (arrows), a shape which we could not explain without assuming an early increase in the concentration of Hbr. In summary, these raw action spectra suggest that there is an early increase in Hbr concentration concomitant or even preceding the increase in HbO 2 . This is in line with the observation of Jones et al., who observed an increase in Hbr concentration without a concomitant decrease in HbO 2 , also in rat.
A second independent argument supporting the existence of the initial dip comes from the measurement of phosphorescence decay times, a methodology introduced by Wilson and co-workers [36] . We used this method in an attempt to overcome the ambiguities inherent to spectroscopy [12] . In this approach, an exogenous probe is injected into the bloodstream, whose phosphorescence is quenched at a rate directly related to the oxygen concentration in its environment. However, the interpretation of measurements made with this method may be hampered by a number of pitfalls that must be carefully taken into account, as pointed out by Lindauer et al. (also [12] -footnotes 21 and 22, and U. Dirnagl, personal communication). One of them is due to the inhomogeneity of oxygen tensions in the sampled tissue volume, combined with the notorious difficulty of multiexponential decay curve analysis. However, if the oxygen changes are measured before significant blood volume or blood flow changes occur, the interpretation of the phosphorescence decay curves is by far simpler. We thus measured phosphorescence decay times as well as changes in reflected light upon illumination at 570 nm (this is an isosbestic point for Hbr and HbO 2 and, therefore, measurements at this wavelength detect primarily changes in cortical blood volume). In Fig. 2A , we present the results of phosphorescence decay time and blood volume measurements, pooled from several experiments and shown here for the first time. Figure 2B shows confirmatory results from an experiment in which both measurements were performed simultaneously. These results show that the onset of blood volume (and thus flow) changes is delayed by at least 300 ms with respect to the onset of the decrease in PO 2 , thus proving that early deoxygenation as deduced from phosphorescence decay time measurements cannot be merely an effect of increasing blood volume (Balloon model).
Whereas Jones et al. did not report PO 2 measurements, Lindauer et al. did and concluded that there is no evidence for a dip in rats. The "PO 2 dip" in the rat is expected to be much smaller than that presented here   FIG. 1 . Raw action spectra in the anesthetized cat visual area 18 and in V1 of the awake macaque monkey. Such spectra were obtained by subtracting the resting spectrum (blank condition) from the "evoked spectra" (stimulus condition). Time resolution was 200 ms in A and 80 ms in B. (Inset to A) Textbook spectra (not corrected for pathlength changes) of HbO 2 (red) and Hbr (blue) and their combination with relative weights 1:3 (cyan). Note the rounded shape of the action spectra at 0.5 s in A and 0.64 s in B, suggesting an early increase in the concentration of Hbr (compare to the blue and the cyan curves in the inset to A). To facilitate the comparison between the spectra, the inset to B shows normalized traces obtained in the monkey at 0.64 and 2 s. The double peak characteristic for HbO 2 begins to emerge at ϳ1 s in A and at ϳ1.12 s in B and is clearly recognizable at 2 s in both cases (the curve at 2 s in B has been rescaled by a factor of 1/2 for display purposes). Spectra were recorded from cortical areas devoid of large blood vessels.
FIG. 2. PO 2 (black)
and Hbt (red) measurements in anesthetized cat area 18. PO 2 was derived from phosphorescence decay-time measurements as described elsewhere [12] , whereas Hbt changes (equivalent to CBV) were measured by recording the reflected light upon illumination at 570 nm. (A) Grand average of separate phosphorescence quenching and reflection measurements. (B) Time zoom into the first second of an experiment where the two methods were employed simultaneously on the same patch of cortex. Note that when the initial deoxygenation has reached 50% of its maximum, the blood volume increase has hardly started at all. It reaches 10% of its peak only ϳ315 ms later (black and red arrows). To facilitate timing comparisons, the Hbt curve in B is displayed upside down. The shaded areas mark the stimuli (durations of 2 and 4 s were averaged together).
for the cat, because of the following reasons: (1) The Hbr dip is smaller in the rat than in cat and monkey (dip amplitude relative to the peak of the late hyperoxygenation phase, discussed before). (2) The onset of hyperoxygenation phase in the rat is faster than in the cat and monkey. Upon closer inspection of the Lindauer et al. PO 2 data (their Figs. 6A and 6B), one can indeed see a very small dip just at the expected amplitude for the rat and just at the expected time, in two sets of independent experiments. The signal to noise ratio in this difficult experiment, however, was such that this small dip did not pass the strict statistical tests of the Berlin group. Thus, they concluded that there was no evidence for a dip in the rat. Obviously, however, according to the conventional statistical considerations, this present data set cannot serve as evidence that the initial dip does not exist.
A third argument for the existence of the initial dip is provided by the analysis of the spatial localization of the responses in cat and monkey and their comparison to the well-established functional architecture of orientation domains. Here, to visualize the spatial patterns, we used monochromatic optical imaging at two wavelengths using alternating measurements. Obviously there is no single wavelength that exclusively separates the contribution of oxymetric changes, volume changes, or light scattering. This is why imaging spectroscopy is so important. However, there are a few typical wavelengths that strongly emphasize each of these multiple components of the intrinsic signal. This statement is supported by comparing the time course obtained at these typical wavelengths to the time course of individual components derived from imaging spectroscopy. We chose 570 nm because, being isosbestic, it reflects blood volume changes and 605 nm because it emphasizes oxymetric changes: (i) ϳ605 nm is the peak of the HbO 2 -Hbr difference spectra normalized to Hbt, and (ii) the light-scattering contributions are not dominant. Figures 3A and 3B show the classical functional architecture of orientation domains, obtained by standard differential imaging. The maps in Figs. 3C and 3D illustrate the far more demanding "single-condition maps" (see figure legend) obtained at wavelengths emphasizing either the oxymetric changes (605 nm) or the blood volume changes (570 nm). Evidently, at 605 nm the early single-condition maps, obtained during the first ϳ2.8 s, clearly reflect the functional architecture, whereas the maps obtained at 570 nm do not (compare Fig. 3A and Figs. 3C and 3D) . What is the explanation for these observations?
If the high-quality single-condition map shown in Fig. 3C was due to an early, highly localized blood volume increase (e.g., assuming there is no early deoxygenation phase; the Berlin hypothesis for rats), it should look like the map imaged at the isosbestic wavelength of 570 nm (Fig. 3D) . This is not the case: the map at 570 nm is dominated by vascular artifacts and displays only poor traces of the functional architecture, showing that the blood volume response in capillaries is only weakly localized to electrical activity. We also rule out an overall decrease in Hbr since, at 605 nm, the cortex globally darkens during the initial dip (Fig.  1B in [14] ). To obtain such darkening together with Hbr decrease, HbO 2 should have increased dramatically (it absorbs about five times less than Hbr at this wavelength), leading to significant hyperoxygenation. Such hyperoxygenation, however, was not detected by the phosphorescence method. We suggest the following alternative explanation for the map's appearance in Fig. 3C : immediately after stimulus onset, a strong Hbr spatial gradient developed between the electrically active columns and the inactive columns. This spatial gradient in Hbr is much larger than the concomitant gradient in blood volume, explaining the large amplitude of the parenchyma patches relative to the blood vessel artifacts in Fig. 3C , as well as the poor single-condition maps at 570 nm in Fig. 3D , where almost no parenchyma patches are observed. We therefore conclude that a large contribution to the parenchyma patches at early times must be due to increased oxygen consumption and extraction, which is known to colocalize with electrical activity. Similar results have been recently obtained in the awake monkey (Vanzetta, Slovin, and Grinvald, in preparation).
Although BOLD f-MRI signals and optical imaging signals at 605 or 570 nm cannot be directly compared, we believe that the 570-nm signal is a good approximation for what one can expect from f-MRI signals emphasizing volume or flow changes. Therefore, the maps in Fig. 3 are highly relevant to human f-MRI methodological considerations, in spite of the current controversy regarding f-MRI single-condition mapping [15, 37, 38] . Modeling the f-MRI BOLD signal based on well-dissected signal components by optical imaging spectroscopy should be highly fruitful (J. Mayhew, personal communication), particularly so if such experiments would be performed on data from the awake monkey because some minor species differences may remain important.
SPECIES DIFFERENCES BETWEEN THE RAT, CAT, AND MONKEY
Independently of whether an initial dip in the rat exists or not, the two papers show that several, more general characteristics in the rat brain are different in the rat relative to the cat or the awake monkey, probably reflecting different timings of events and possibly the different involvement of other brain chromophores. Clear evidence for a species difference is that the two peaks in the rat are nearly of equal amplitude (Figs. 2 and 3 of Lindauer et al.) whereas in the cat and monkey they are not (Fig. 1) . Another clear example for a species difference is the accentuated presence of a double peak in the rat already present at 0.3 s (Fig. 2D of Lindauer et al., 0.3 and 0.8s), which should be compared with Fig. 1 here. A more systematic comparison with the data in the present articles is however not possible, since the raw action spectra are available only for the Berlin study, only for times longer than 0.8 s. In addition, to assess the issue of species specificity in the context of the spatial characteristics of the signals in rat, multiple wavelength data of the rat imaged barrels would be useful.
The finding of a relatively large dip in the awake monkey but a much smaller dip in the anesthetized rat is perhaps not surprising and consistent with high-field BOLD f-MRI results by [15, 18, 20] , detecting the initial dip in humans, monkeys, and cats, as opposed to [23] who did not detect it in rats. Lindauer et al. point out that the time it takes the red blood cells to transit from arteries to veins is less in rat than in cat and monkey and speculate about their influence on the magnitude of the deoxygenation phase. The detection of the dip by the Sheffield group in the anesthetized and the awake rat (M. Jones, personal communication; NS Abstract 2001) calls for future attempts of utilizing high-field f-MRI to detect the elusive initial dip in rat-perhaps under some different conditions. It may show, after all, that despite the species differences (brain size and other parameters), some universal principles are maintained and that, also in the rat, the neurovascular coupling is not as spatially tight as previously proposed. 
SUMMARY
Optical imaging and imaging spectroscopy measurements currently provide the best spatial and temporal resolution available for more direct exploration of neurovascular coupling, microcirculation behavior, cellular metabolism, and high-resolution functional mapping. Nevertheless, much work remains to be done. Additional experimental data such as from phosphorescence quenching experiments, analysis of functional maps at different wavelengths, and higher time resolution for the imaging spectroscopy should help answer remaining questions regarding the detailed sequence of events in the first second of response. New ways to independently measure saturation and hemoglobin concentration level in the various microvascular compartments should be developed. On the modeling front, it is clear that important steps forward have been made by Lindauer et al. and Jones et al., as well as by previous modeling. However, the model should also be adjusted for use in different species such as cats and monkeys. Furthermore, a component of light scattering and perhaps other chromophores should be added to this important modeling undertaking. In the context of the relevance of optical imaging and imaging spectroscopy to the improvement of human f-MRI, we believe that the awake monkey data are more relevant than the rat data. Whereas maps at the resolution of cortical columns can be obtained by differential imaging utilizing f-MRI [39 -41] , our finding that the blood volume component is largely not colocalized with the activation of functional modules (Fig. 3D and [14] ) suggests that it will be difficult to obtain single-condition maps of the functional architecture with either late BOLD components [9, 10, 13-15, 37, 38] or perfusion-based f-MRI [42] .
On the other hand, imaging spectroscopy and other optical experiments in rodents of the type performed by the Dirnagl and Mayhew groups are most important. The history of biology convincingly and repeatedly shows that major advances come from the reductionist approach of working on simpler systems (though not always). It should be highly fruitful to extend the Jones et al. and Lindauer et al. works to test whether the initial dip exists also in the mouse. If the same universal principles of coupling are maintained also in the mouse, such studies should accelerate the important studies of the molecular mechanism underlying neurovascular coupling and cellular metabolism, using the advanced tools of molecular biology.
